INTRODUCTION
Polyorganophosphazenes offer new possibilities as potential membrane materials. These polymers belong to a class of hybrid polymers; their backbone is inorganic while the side groups are of organic nature. Numerous papers have been published on various aspects of polyphosphazene synthesis, properties and applications but there are only a few reports on their use as ion-exchange or proton-exchange membranes (1).
Our previous studies (2) (3) (4) have shown that ion-exchange membranes composed of sulfonated and crosslinked poly[bis(3-methylphenoxy)phosphazene] possess high proton conductivity (0.01-0.1 S/cm) and low methanol diffusivity (10 -8 -10 -7 cm 2 /s), the properties required of a candidate membrane for use in direct methanol fuel cells. Additionally, at low and moderate sulfonation degrees, the polymer had acceptable mechanical properties and it could be crosslinked using benzophenone (BP) and UV irradiation. However, at ion-exchange capacities greater than 1.2 mmol/g, there appeared brittleness which rendered the membranes difficult to handle and electrodes for fuel cell testing could not be hot-pressed to them.
Blending of the sulfonated polyphosphazene with a tough and strong inert polymer was thought to give membrane material with improved mechanical properties that will allow for MEA fabrication. Besides the mechanical characteristics alone, blending with an appropriate polymer could also improve the material's transport properties (reduce water and methanol flux). After the initial screening, based on analysis of miscibility, three polymers were selected for blending with sulfonated polyphosphazene: Kynar Flex (a copolymer of vinylidene fluoride and hexafluoropropylene), polyacrylonitrile (PAN), and polybenzimidazole (PBI).
EXPERIMENTAL
Sulfonation of the polyphosphazene. A known weight (2g) of poly[bis (3-methylphenoxy) phosphazene] (MW=700,000) was dissolved in 80 ml of 1,2-dichloroethane (DCE). An appropriate amount (0.3-2.0 ml) of SO 3 in DCE was then added to the polymer solution at 0 o C in a dry nitrogen atmosphere. The resulting precipitate was stirred for ca. 3 hours, followed by the addition of NaOH dissolved in a water/methanol mixture to terminate the reaction.
After solvent evaporation, the sulfonated polymer was soaked in water and then treated sequentially with 0.01 M NaOH, water, 0.1 M HCl and water. Next, the sulfonic acid groups were converted into the sodium salt form using 0.1M NaOH, followed by thorough washings with water. In the final step the SPOP was dried at 60°C.
Blending and membrane preparation. SPOP and the second componentt (FLEX, PAN or PBI)
were dissolved separately in dimethylacetamide (DMAc). Both solutions were combined and mixed for 2 hours. Benzophenone was added to appropriate solutions. The solution was filtered and cast into a polypropylene dish. The solvent was evaporated by heating in an oven at 60°C for 48 hours. Those dried blends that required photocrosslinking were irradiated under nitrogen with UV light of wavelength 365 nm for 12 hours. Next the membranes were placed in 1M H 2 SO 4 for 12 hours. Finally they were washed several times with de-ionized water.
Conductivity Measurements. Proton conductivity of water swollen membranes, with sulfonate groups in SO 3 H form, was measured by an AC impedance method (real axis intercept of the impedance spectrum) in the frequency range 1 Hz to 100 kHz using a lock-in amplifier (EG&G Model 5210) and potentiostat (EG&G Model 273). The cell employed was a twoprobe type. Measurements were taken at 25°C.
Swelling Measurements. A membrane sample (in the SO 3 H form) was equilibrated in water at 25°C for 24 h. After removal from the water bath, the membrane surface was blotted dry with filter paper and the sample was weighted on an electronic balance (m w ). that at an IEC greater than 2.1 mmol/g, the SPOP became water-soluble. Below that limit the polyphosphazene only swelled in water but did not dissolve.
Figure 1.
The dependence between the sulfonation degree of SPOP and its water affinity.
It may be concluded, that using SPOP of IEC greater than 2.1 will require crosslinking or grafting not only to reduce swelling but, primarily, to prevent the sulfonated component from being leached out from the blend in aqueous solutions. Benzophenone assisted UVcrosslinking was used to prevent the polyphosphazene from dissolution and to reduce membrane swelling. Benzophenone crosslinking was studied earlier in our group (6-7).
Two groups of blended membranes were synthesized. The first group consisted of compatibility was obtained and those blends showed no signs of macroscopic phase separation. The degree of compatibility increased with increasing IEC of the SPOP. Also, when the sulfonate groups of the SPOP were converted to tetrabutylammonium (TBA)-form, highly homogeneous, transparent blends were obtained, but these blends were unstable in hot aqueous solutions due to very low yields of crosslinking.
Swelling and proton conductivity are among the most important characteristics of the proton-exchange membrane. These parameters were measured in water at 25°C and the results are presented in Fig. 2 . Initial studies targeting MEA preparation showed that blended membranes containing PAN gave much better current characteristics during actual DMFC tests than membranes with PVDF. Therefore, most of our fuel cell experiments were performed with SPOP/PAN blends.
An example of one set of fuel cell experiment is described below. Four UV-crosslinked SPOP/PAN membranes with different effective ion-exchange capacities, ranging from 0.95 to 1.15 mmol/g, were used. The properties of these membranes (thickness, water swelling, proton conductivity, and methanol crossover) are contrasted with those of Nafion 117 in Table I . The SPOP/PAN membranes were thinner than Nafion, with lower proton conductivity, greater water swelling, and lower methanol crossover flux (as measured during fuel cell performance tests). The DMFC current density/voltage curves for MEAs containing these membranes are shown in Figure 3 . Fuel cell performance with the 1.10 and 1.15 effective IEC SPOP/PAN membranes was very good, with a high open circuit potential (0.66 V and 0.69 V for the 1.15 and 1.10 IEC membranes, respectively), current density/voltage curves that were only slightly lower than that with Nafion 117 (for current densities < 0.15 A/cm 2 ), and methanol crossover fluxes 3-4 times lower than that in Nafion 117. Since the SPOP/PAN membranes were thinner than Nafion 117, the thickness-corrected methanol permeability was significantly lower than that in Nafion; 4.1 times lower for the 1.15 IEC blended film and 6.9 times lower for the 1.10 IEC film. This result is particularly striking, given the fact that the two blended membranes swelled considerably more than Nafion 117 in water (50-60% vs. 35% for Nafion) and would presumably swell to an even greater extent in 1.0 M methanol (such measurements were not performed in the present study). The electrochemical performance of the two low IEC blended membranes (at 0.95 and 1.0 effective IEC) was poor, although the methanol crossover was very low (e.g., 12 times lower than Nafion 117 for the 0.95 IEC blended membrane). The low power output was attributed to the combined effects of the membranes' lower proton conductivity (especially for the 0.95
IEC film) and a high contact resistance between the membrane and catalyst powder electrodes. Proper adjustment of the catalyst binder type/amount and/or identification of the optimum MEA hot pressing conditions may minimize this contact resistance. As follow-up experiments to those in Figure 3 , the MEA fabrication conditions were kept unchanged and we focused our attention on fabricating a multi-layered membrane MEA, where the most desirable properties of both the high and low IEC SPOP/PAN blends were combined.
Based on the data in Figure 3 , the preferred SPOP membrane would have an inner methanol barrier layer composed of a low effective IEC blend that is sandwiched between outer layer blends of high IEC, which would contact the anode and cathode. Such a multilayered MEA construct was prepared as follows (8) The two "half cell" MEAs were inserted into a DMFC test cell and the two membrane sheets were physically pressed together when the cell was bolted shut. The performance of this MEA in a direct methanol fuel cell is compared to a Nafion 117 MEA in Figure 4 . The measured current density vs. voltage curve is similar to the 1.15 IEC single membrane MEA plot in Figure 3 , with a methanol crossover flux three-times lower than that with Nafion 117 in which case the fuel cell power output was nearly the same as that with Nafion 117 (for current densities 0.15 A/cm 2 ), with a methanol crossover that was three-times lower than Nafion 117. With a three-membrane composite MEA (a methanol-blocking film sandwiched between two high conductivity membranes), there was a significant decrease in crossover (ten-times lower than Nafion 117) with a modest decrease in current-voltage behavior. Longterm tests revealed that there was a slow decrease of the performance due to insufficient crosslinking of SPOP. MEAs made with heat-treated SPOP/PBI membranes showed good electrochemical performance and stability in DMFC with low methanol crossover.
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